Curli, an adhesive surface fibre produced by Escherichia coli and salmonellae, was proposed on the basis of genetic evidence to follow a distinct assembly pathway involving an extracellular intermediate of the fibre subunit CsgA, the polymerization of which can be induced at the cell surface by a 'nucleator' protein (CsgB). Here we show biochemically that CsgA is actively secreted to the extracellular milieu and that CsgB is surface located. We demonstrate that the putative curli assembly factor CsgG is an outer membrane-located lipoprotein. CsgG is highly resistant to protease digestion both in vivo and in vitro. During curli assembly, CsgG is required to maintain the stability of CsgA and CsgB. In line with this, it is possible to modulate the steady-state levels of CsgA and CsgB by varying intracellular levels of CsgG. This suggests that, in the absence of CsgG, CsgA and CsgB are proteolytically degraded. Moreover, curli production and steady-state levels of CsgA and CsgB can be increased above wild-type levels by overexpression of CsgG, meaning that the quantity of assembled curli fibres can be controlled by this lipoprotein.
Introduction
Like many other bacteria, Escherichia coli is capable of expressing a number of cell surface-located adhesive fibres, which mediate specific interactions with the eukaryotic host . Detailed understanding of the biogenesis of these structures should reveal strategies used by bacteria for delivery of assembly precursors across several compartments to their 'construction site': the cell surface. Furthermore, this knowledge should point to new approaches for antimicrobial therapy.
Under low-temperature, low-salt and stationary phase growth conditions, some E. coli laboratory strains express coiled surface fibres referred to as curli, which were originally described for pathogenic isolates in cases of bovine mastitis (Olsén et al., 1989) . Later, curli was also described in Salmonella enteritidis (Collinson et al., 1991) . The curli fibre, which is so far considered to be built of one single protein (CsgA in E. coli ), was shown to bind fibronectin (Olsé n et al., 1989) , plasminogen (Sjö bring et al., 1994) and human contact phase proteins (Ben Nasr et al., 1996) .
In E. coli, the products of two divergently transcribed operons are directly involved in curli formation (Hammar et al., 1995) . One operon (csgBA) contains the genes for a putative nucleator protein (CsgB), which is proposed to induce polymerization of the actual fibre subunit (CsgA). CsgB and CsgA show 30% amino acid sequence identity (Hammar et al., 1995) . The second operon (csgDEFG) is composed of a gene for a transcriptional activator for curli production (CsgD) and three genes encoding putative curli assembly factors (Hammar et al., 1995) . With the exception of a helix-turn-helix motif in the C-terminal region of CsgD and the presence of a putative lipoprotein leader peptide sequence in CsgG, no significant matches to any other proteins were found by searching DNA and protein databases using several algorithms. This lack of homology to components of any other pilus assembly system points to a novel assembly mechanism for curli formation. Indeed, genetic and electron microscopical evidence from our laboratory indicate that, in contrast to all other known fibre assembly pathways, the fibre subunit CsgA is first secreted to the extracellular milieu as a soluble protein and then polymerized at the cell surface in a CsgBdependent manner (Hammar et al., 1996) .
As mentioned above, the deduced amino acid sequence of CsgG contains a lipoprotein leader peptide. The most characteristic feature of bacterial lipoproteins is their covalent lipid modification of a conserved cysteine residue positioned at the N-terminus of the mature protein. A diacylglycerol moiety is attached to the thiol group before cleavage of the leader peptide, and the N-terminal amino group is modified by acylation after cleavage of the leader peptide (Hayashi and Wu, 1990) . The intracellular destination of lipoproteins seems to be determined by the identity of the amino acid residue following the N-terminal cysteine (Yamaguchi et al., 1988) . Aspartate at this position leads to an inner membrane location, whereas any other amino acid residue targets a lipoprotein to the outer membrane. Recently, a periplasmic carrier protein responsible for shuttling of lipoproteins to the outer membrane has been identified in E. coli (Matsuyama et al., 1995) . In addition to the classical BraunЈs lipoprotein, which links the peptidoglycan to the outer membrane, biochemical and genetic studies have suggested the existence of 10-20 lipoproteins in E. coli (Wu, 1996) .
Recently, the interest in bacterial lipoproteins has been expanded by the fact that several novel proteins of this type have been described in the context of type III secretion systems (Galá n, 1996; Wu, 1996) , the general secretory pathway (Hardie et al., 1996) and type IV pilus assembly (Hobbs and Mattick, 1993; Ramer et al., 1996) , and even as components of DNA uptake systems (Fussenegger et al., 1996) . The most detailed knowledge of a biological function for a lipoprotein in this context has been obtained for PulS belonging to the Klebsiella oxytoca pullulanase general secretory pathway (GSP). PulS is required for the putative outer membrane translocator PulD to reach the outer membrane, and for protection of PulD against limited proteolysis in the periplasm (Hardie et al., 1996) . However, functional studies of lipoproteins involved in secretion or pilus assembly are still in their infancy.
In this work, we present biochemical data supporting the hypothesis that the curli assembly pathway differs from those described for other adhesive fibres. Moreover, we show that a protease-resistant, outer membrane-located lipoprotein (CsgG) is required for stable maintenance of CsgA and CsgB. This stabilizing function of CsgG in the course of curli assembly is supported by the fact that invivo steady-state levels of CsgA and CsgB can be modulated by varying the intracellular concentration of CsgG. Finally, the report an increase in steady-state levels of CsgA and CsgB above those of the wild-type after overexpression of CsgG.
Results
CsgA is secreted whereas CsgB is surface exposed Genetic and electron-microscopical studies from our laboratory suggested that the curli fibre subunit CsgA can be secreted to the cell exterior in a soluble form by a strain harbouring a non-polar mutation in csgB ('donor' MHR261, Hammar et al., 1996) , and that this secreted form of CsgA can be assembled into curli polymers at the surface of a 'recipient' strain that is mutated in csgA but is functional with respect to csgB (MHR204, Hammar et al., 1996) . Both strains, MHR261 and MHR204, do not produce any curli fibres by themselves, as judged by electron microscopy (Hammar et al., 1995) . Using anti-peptide antibodies (see Experimental procedures), we show here that CsgA is exclusively detectable in the supernatant fraction of the 'donor' strain MHR261 (Fig. 1 A) . As described earlier (Collinson et al., 1991) , in the wild-type situation the fibre subunit CsgA only enters the gel after depolymerization of the curli fibre by formic acid treatment (see also A. Secretion of CsgA by the non-polar csgB mutant strain MHR261. MC4100 (W) and MHR261 (B ¹ ) were grown on YESCA plates for 48 h at 28ЊC. Whole cell fraction and culture supernatant (SN) were prepared as described in Experimental procedures and analysed by immnunoblotting. The black dot indicates the sample treated with formic acid to release CsgA from the curli fibre. B. CsgB is surface exposed. MHR204 ('recipient ', B þ A ¹ ) was grown on YESCA agar for 48 h at 28ЊC and intact cells were subsequently treated with indicated final concentrations of proteinase K as described in Materials and methods. Samples were analysed by immunoblotting. DsbA served as a control for the integrity of the outer membrane. Fig. 4) . Probing for the periplasmic protein DsbA served as a control for the integrity of the whole cell fraction. As expected, CsgB is not detectable in strain MHR261 (Fig. 1 A) . This demonstrates that CsgA is indeed actively secreted as a soluble protein in the absence of CsgB.
Based on the genetic experiments, it was proposed that CsgB might either induce polymerization or act as an assembly platform for CsgA at the cell surface of the 'recipient' (Hammar et al., 1996) . To fulfil these postulated functions, CsgB has to be accessible from the cell surface. To test this possibility, intact cells of MHR204 (CsgB þ / CsgA ¹ 'recipient' strain) were incubated with different amounts of proteinase K and subsequently analysed by Western blotting and probed with anti-CsgB peptide antibodies or a polyclonal antiserum against the periplasmic protein DsbA (Fig. 1B ). Experiments performed with the wild-type strain MC4100 gave identical results (not shown). It was evident from this experiment that CsgB is accessible to proteolysis of intact cells, whereas DsbA was unaffected under these conditions. In showing that CsgB is indeed surface exposed, these data support the hypothesis that this protein may act as an 'inducer' of CsgA polymerization at the cell surface.
csgG encodes a lipoprotein located in the outer membrane csgG is part of the csgDEFG operon required for production of curli in E. coli. The N-terminus of csgG Јs deduced amino acid sequence shows typical features of a bacterial lipoprotein signal peptide ( Fig. 2A ; Hammar et al., 1995; von Heijne, 1989) . Fatty acid analysis of Braun's lipoprotein revealed that the amide-linked fatty acid is predominately palmitate, whereas the fatty acid in the thioether-linked diacyl-glyceryl moiety are very similar in composition to those of phospholipids (Hantke and Braun, 1973; Wu, 1996) . Therefore, in vivo labelling with [ 3 H]-palmitate has become a widely used method to biochemically identify lipoproteins (Ichihara et al., 1981) . Growth of the E. coli strain MHR210 containing either plasmid pASK-G or the vector control pASK75 in the presence of [ 3 H]-palmitic acid after induction with anhydrotetracycline (AHT) (see Experimental procedures) resulted in the detection of a labelled protein with an apparent molecular weight of 29 kDa, corresponding to CsgG (Fig. 2A, lane 2) . This molecular mass is identical to the one predicted from CsgG's amino acid sequence. Prolipoprotein signal peptidase (signal peptidase II) is specifically inhibited by the antibiotic globomycin (Hussain et al., 1980; Hayashi and Wu, 1990) . When MHR210 expressing csgG from the tetracycline-regulated promoter was treated with 100 g ml ¹1 globomycin, CsgG was immunologically only detectable as the precursor form (pre-CsgG, Fig. 2B ), demonstrating that processing of CsgG is dependent on signal peptidase II. The low amount of pre-CsgG detected in the presence of globomycin compared with mature CsgG in the absence of globomycin may reflect proteolytic degradation of pre-CsgG. In summary, these experiments provide biochemical evidence that CsgG is a lipoprotein.
Fractionation studies were performed to elucidate CsgG's cellular location. In initial experiments, CsgG was detected in the total membrane fraction of MC4100 (Fig. 3) . Repeated attempts to separate inner and outer membranes by sucrose density gradient centrifugation were unsuccessful. The most likely explanation is that in our hands cells had to be grown on agar plates to stationary The lipoprotein-specific signal peptidase II cleavage site of CsgG is indicated on top, whereby the signal peptide is in italics and the modified cysteine is underlined. B. Globomycin treatment. MHR210 carrying either pASK75 or pASK-G was grown and treated with 100 g ml ¹1 globomycin (as described in Experimental procedures). Whole-cell samples were analysed by immunoblotting using affinity-purified anti-CsgG peptide antibodies. pCsgG and mCsgG indicate precursor CsgG and mature CsgG respectively. Plus or minus indicate presence or absence of globomycin respectively. phase (48-60 h) to detect Csg proteins (see Experimental procedures). It is known that the two membranes are barely separable when prepared from cells grown under these conditions (Osborn et al., 1972) . Therefore, we made use of the differential solubility of the inner and outer membranes in detergents (Schnaitman, 1971; Filip et al., 1973) . Figure 3 shows that CsgG co-fractionated exclusively with the outer membrane protein OmpA and not with the inner membrane marker NADH oxidase. This fractionation behaviour of CsgG was independent of lysozyme treatment of membrane preparations. Furthermore, CsgG could be completely solubilized by boiling in 4% SDS (not shown), indicating that the protein is not covalently linked to the peptidoglycan (Fussenegger et al., 1996) .
CsgG is resistant to proteinase K digestion
In the course of our attempts to determine the orientation of CsgG's protein moiety with respect to the outer membrane, we discovered that in vivo CsgG was highly resistant to proteinase K digestion. Even after permeabilization of the outer membrane by sucrose/EDTA treatment, which rendered the periplasmic protein DsbA susceptible to proteinase K, no proteolytic degradation of CsgG was observed (Fig. 4) . The same result was obtained when trypsin, chymotrypsin or carboxypeptidase Y were used (not shown). However, the addition of denaturing agents such as SDS or urea also rendered CsgG protease sensitive (Fig. 5) . These results suggest that either CsgG itself or a protective protein folds into a protease-resistant conformation that is perturbed by urea or SDS. CsgB (Fig. 1B) and CsgA (as fibre or secreted form, not shown) are sensitive to proteinase K. Furthermore, in vivo protease resistance of CsgG was also observed in the absence of all other Csg proteins, which excludes them as protective factors (not shown).
Interestingly, in the presence of 0.05% SDS, CsgG was only digested by proteinase K after permeabilization of the outer membrane. In whole cell samples CsgG was unaffected by the protease, whereas the surface-exposed CsgB protein was degraded under these conditions (Fig. 5 ). Our interpretation of this result is that at 0.05% SDS the outer membrane of whole cells was not affected during protease incubation, thereby protecting CsgG (see DsbA control in Fig. 5 ). As a consequence, we propose that the protein moiety of CsgG is located at the inner leaflet of the outer membrane.
To assess further if protease resistance is an inherent property of the CsgG protein and for future biochemical studies we aimed at its purification. Plasmid pASK-G s was used as a source for CsgG expression. In this construct, a C-terminal extension of 10 amino acids was engineered into CsgG. This 10-amino-acid peptide (SAWRHPQFGG-COOH) was randomly selected for its binding to streptavidin (Schmidt and Skerra, 1993) and ᮊ 1997 Blackwell Science Ltd, Molecular Microbiology, 26, 11-23 Fig. 3 . Cellular localization of CsgG. MC4100 was grown on YESCA agar for 48 h at 28ЊC. Soluble fraction (S), total membrane fraction (M), inner membrane fraction (IM) and outer membranes (OM) were prepared as described in Experimental procedures and analysed by immunoblotting using CsgG-specific anti-peptide antibodies. OmpA served as a marker for the outer membrane, were as CN ¹ inhibitable NADH-oxidase activity was used to identify the inner membrane fraction.
Fig. 4.
In vivo protease resistance of CsgG. MHR261 was grown for 48 h at 28ЊC on YESCA agar. The outer membrane was permeabilized as described in Experimental procedures and the cells treated with indicated final concentrations of proteinase K. Samples were analysed by immunoblotting for their content of CsgG and DsbA. The result was identical if MC4100, MHR204 or a strain ⌬csg2 (harbouring a deletion of both csg operons, H. Loferer unpublished) that expresses CsgG from plasmid pASK-G was used.
subsequently referred to as 'Strep tag' (Schmidt and Skerra, 1994) . pASK-G s complemented the csgG mutant strain MHR210 (as judged by Congo red staining), and [ 3 H]-palmitate was incorporated into CsgG s after induction of the tetracycline promoter by AHT addition (not shown), suggesting that CsgG is expressed as a functional protein.
After preparation of total membranes from induced cells approximately 50% of CsgG s could be solubilized by zwittergent 3-14/EDTA treatment (see Experimental procedures). Subsequent affinity chromatography on a streptavidin column resulted in an essentially pure protein as judged by SDS-PAGE and Coomassie staining (Fig. 6) . A small amount of CsgG s migrated as a protein with a slightly lower molecular weight compared with the bulk of the preparation (Fig. 6 , lane 5). As this band also cross-reacts with the anti-CsgG peptide antibody it can be excluded that a distinct E. coli protein with streptavidin-binding activity was co-purified. The extent to which this lower molecular weight form appeared varied in different expression experiments. An aliquot (10 pmol) of this preparation was subjected to treatment with different concentrations of proteinase K in the presence or absence of 6 M urea (Fig. 7) . At equal molarities of proteinase K and CsgG s , 64% of CsgG s remained protease resistant after 1 h incubation at 37ЊC. However, in the presence of urea, 80% of CsgG s was already digested at a molar ratio proteinase K /CsgG s of 0.053. In summary, these results indicate that protease resistance is an inherent property of the CsgG protein. CsgGЈs protein moiety presumably folds into a compact conformation, which is perturbed and rendered protease sensitive by urea.
CsgG is required for in vivo stability of CsgA and CsgB CsgG is essential for curli formation, as a transposon insertion in csgG (csgG1::Tn105; MHR210) results in the total absence of curli fibres, as judged by electron microscopy, and in the loss of fibronectin-binding activity and Congo red staining (Hammar et al., 1995) , both of which are correlated with the presence of assembled curli. To identify the reason for the absence of curli fibres ᮊ 1997 Blackwell Science Ltd, Molecular Microbiology, 26, 11-23 in the csgG ¹ strain, we analysed whole cell and supernatant fractions of strains MC4100 (wild type) and MHR210 (csgG ¹ ) for the presence of CsgA and CsgB using anti-peptide antibodies. Both CsgA and CsgB were undetectable in all MHR210 fractions (Fig. 8) . Even analysis of high protein loads derived from whole cell, periplasmic, inner membrane, outer membrane and supernatant fractions did not lead to detection of any CsgA-or CsgBderived signals (not shown). In the case of CsgA, the result was further confirmed by probing with a polyclonal antiserum (Hammar et al., 1996 ; courtesy of Z. Bian).
To exclude a repressive effect on transcription or translation of csgA and csgB caused by the lack of CsgG, translational fusions of csgA and csgB to a signalsequenceless alkaline phosphatase gene (ЈphoA) were constructed and co-integrated into the chromosome of polA derivatives of MC4100 and MHR210 (see Materials and methods). As shown in Fig. 9 , specific alkaline phosphatase activities of both fusion proteins were nearly identical in the presence or absence of CsgG. Western blot analysis of the same samples using a polyclonal antiserum directed against PhoA identified similar steady-state levels of intact fusion proteins and a similar degree of proteolytic degradation of CsgAЈ-ЈPhoA (Fig. 9) .
The most logical interpretation of the results shown in Fig. 8 is that CsgG stabilizes a curli assembly complex at the outer membrane. In its absence, CsgA and CsgB are rapidly subjected to proteolytic degradation.
Steady-state levels of CsgA and CsgB can be regulated by varying the intracellular concentration of CsgG
We reasoned that, if a stabilizing function of CsgG is the limiting factor for maintaining assembly competents CsgA and CsgB, it should be possible to modulate steady-state levels of CsgA and CsgB by varying intracellular amounts of CsgG. As quantification of secreted CsgA is easier than quantification of CsgA obtained by depolymerization of the curli fibre by formic acid treatment, we decided to investigate CsgA secretion of a 'donor' strain in dependence of CsgG. To be able to manipulate intracellular levels of CsgG, a non-polar csgB /csgG1::Tn105 double mutant (MHR420) was transformed with plasmid pASK-G, which carries csgG under the control of a tetracyline-inducible promoter (see Experimental procedures). pASK-G was able to complement strain MHR210 for curli production as judged by Congo red staining (not shown ) were grown on YESCA plates at 28ЊC for 48 h. Whole cell fraction and culture supernatant were prepared as described and analysed by immunoblotting using CsgA-and CsgB-specific anti-peptide antibodies. The band at 27 kDa represents an unspecific cross-reaction of the CsgA antiserum and is also present in a csgA mutant strain (not shown). Star indicates CsgA that is polymerized as part of the curli fibre. The black dot indicates the sample that has been treated with formic acid to release some CsgA molecules from the fibre. supernatant fractions were separated (as described in Experimental procedures) and subsequently analysed for their content of CsgA and CsgG by probing with the corresponding anti-peptide antibodies. DsbA served as an internal standard for the whole cell fraction. Fig. 10A demonstrates that increased intracellular amounts of CsgG results in an increase in CsgA in the supernatant fraction. No CsgA was detected in the cellular fraction (not shown; see Fig. 1A ).
To monitor intracellular concentrations of CsgB in dependence of CsgG, the mutant strain MHR210 (csgG1::Tn105 ) was transformed with pASK-G, and 10 4 cells were plated on YESCA agar containing 100 g ml ¹1 carbenicillin including 0, 25, 50, 75, 100 or 150 ng ml ¹1 AHT. After 48 h of growth at 28ЊC, whole cell fractions were analysed for their content of CsgG and CsgB by probing with corresponding anti-peptide antibodies. Again, DsbA served as an internal standard. Figure 10C shows that steadystate levels of CsgB also increased concomitantly with those of CsgG. The densitometric analysis of both experiments ( Fig. 10B and D CsgG-dependent manner. We also compared the ' wildtype' expression levels of Csg proteins (CsgG and CsgA in MHR261 and CsgG and CsgB in MC4100) with those of the titration curves ( Fig. 10B and D, diamond) . Strikingly, the relative steady-state levels of CsgG versus CsgA (MHR261) and CsgG versus CsgB (MC4100) were both similar to those of the low-induction samples (50 ng ml
¹1
AHT for the CsgA titration and 25 ng ml ¹1 for the CsgB titration respectively; see Fig. 10B and D) . When strain MHR210 carrying pASK-G was grown on Congo red indicator agar in the presence of 150 ng ml ¹1 AHT, its colony morphology was much more rough and dry than MC4100 harbouring pASK75 (not shown). Furthermore, a higher amount of polymerized CsgA was observed for MHR210/pASK-G in immunoblot experiments (Fig. 11) . Both findings suggest that the quantity of assembled curli can be increased by higher levels of CsgG.
Discussion
Little is known about the role of lipoproteins in assembly or secretion processes. In this study, we provide biochemical data supporting the existence of a unique fibre assembly pathway for curli and describe a biological function for the outer membrane located lipoprotein CsgG in curli biogenesis.
Genetic studies of curli assembly-deficient mutants from our laboratory suggested that the curlin protein, CsgA, is first secreted to the cell exterior before it is polymerized into the curli fibre, a process dependent on the protein CsgB (Hammar et al., 1996) . Using CsgA-specific antipeptide antibodies, we show here that the curlin protein CsgA is actively secreted by the 'donor' strain MHR261. To date, it is not known if the secreted, soluble form of CsgA is associated with another protein. In size exclusion chromatography of the MHR261 culture supernatant, CsgA elutes at an apparent molecular mass of 32 kDa (H. Loferer, unpublished). Given its predicted molecular mass of 13 kDa, this may indicate that secreted CsgA is either a homodimer or associated with a different protein of similar molecular mass. Consequently, to fulfil its postulated role as an inducer of CsgA polymerization at the surface of a recipient strain, CsgB has to be accessible for protein-protein interactions from the cell exterior. Using protease accessibility studies, we show that CsgB is exposed to the cell surface. In summary, these findings support the hypothesis that secreted CsgA can be assembled into curli fibres on the cell surface.
Biogenesis of curli is dependent on the product of the csgG gene, as mutant strain MHR210 (csgG ::Tn105 ) does not produce the curli fibre (Hammar et al., 1995) .
[ 3 H]-palmitate labelling and sensitivity of signal-peptide processing to globomycin ( Fig. 2A and B) demonstrate the identity of CsgG as a lipoprotein, which was also inferred from the presence of a classical lipoprotein signal sequence (Hammar et al., 1995) . Furthermore, fractionation studies locate CsgG clearly within the outer membrane (Fig. 3) . Protease accessibility experiments in the presence of 0.05% SDS indicate that CsgG's protein moiety is exposed to the periplasmic side of the outer membrane (Fig. 5) . Currently, we do not know if the protein moiety of CsgG would be a soluble molecule or membrane located in the absence of its lipid modification. Originally, it was assumed that the lipid moiety of lipoproteins anchors an otherwise soluble protein to either the inner or the outer membrane (Wu, 1996) . However, although direct biochemical evidence is lacking, there are examples in which the protein moieties of lipoproteins are themselves very probably integral membrane proteins. For example, the PulD outer membrane translocator homologue BfbB of the EPEC type IV pilus assembly system is a lipoprotein (Ramer et al., 1996) .
In the course of our in vivo protease accessibility experiments we noticed that CsgG was resistant to proteinase K, trypsin, chymotrypsin and carboxypeptidase Y but was rendered protease sensitive in the presence of SDS or urea. This would mean that CsgG folds into a proteaseresistant conformation, which is perturbed by denaturants. After developing a mild purification procedure for CsgG using a C-terminal streptavidin affinity tag, we could indeed demonstrate that protease resistance is an inherent property of the CsgG protein itself, as after 1 h incubation with equal molarities of proteinase K, 64% of CsgG molecules were still not proteolytically degraded. Notably, in vivo protease resistance has been described for other outer membrane proteins such as E.coli lpp (BraunЈs lipoprotein; Matsuyama et al., 1995) and OmpA (Lazar and Kolter, 1996) or the 4.5 kDa lipoprotein VirB7 from Agrobacterium tumefaciens (Fernandez et al., 1996) , but has, to our knowledge, not been shown in vitro.
Previous electron microscopical studies revealed that absence of CsgG results in the complete lack of curli (Hammar et al., 1995) . Experiments using anti-peptide antibodies presented in this study show that steady-state levels of the fibre subunit protein CsgA and of the putative nucleator CsgB fall below the limits of detection in a strain lacking CsgG (Fig. 8) . As translational fusions of csgA and csgB to ЈphoA show similar activities in wild-type and csgG::Tn105 backgrounds (Fig. 9) , we postulate that the lack of CsgG results in rapid proteolytic degradation of CsgA and CsgB in the periplasm. The conclusion that in vivo stability of CsgA and CsgB is limited by the concentration of CsgG is further supported by an in vivo titration experiment in which an increase in intracellular CsgG led concomitantly to higher levels of CsgA and CsgB (Fig. 10) .
Stable overexpression of P-type and type-1 pilus subunits is only possible when the corresponding periplasmic chaperone (PapD and FimC respectively) is co-expressed in the same cell (Lindberg et al., 1989; Kuehn et al., 1991; Tewari et al., 1993) . However, it has never been tested if an increase in PapD only would lead to higher levels of P-type pilus subunits. Furthermore, even in the absence of the outer membrane 'usher' PapC, periplasmic complexes of PapD, the chaperone with P-type pilus subunits, can be readily isolated.
Based on our data, we favour two possible scenarios for CsgG function (see Fig. 12 ). In one model, CsgG acts as a chaperone (Fig. 12, left) . In this case, CsgA and CsgB would be subjected to proteolysis as they malfold in the absence of CsgG. One exciting possibility in this context is that CsgA and CsgB are highly susceptible to proteolysis per se and that CsgG acts as a protective shield using its protease-resistant conformation. In this model, an outer membrane translocator of unknown identity has to be postulated (X in Fig. 12) . Recent electron microscopical studies from our laboratory revealed that in the wild-type strain CsgB is actually a minor component of the curli fibre (Z. Bian and S. Normark, submitted). As a consequence, the postulated translocator ought to be responsible for transport of CsgA and CsgB across the outer membrane. Alternatively, a multimeric form of CsgG itself is capable of forming an induced, Csg-specific channel within the outer membrane (Fig. 12, right) . The impossibility of translocation in the absence of CsgG would result in proteolytic degradation of CsgA and CsgB.
At present, we do not know, however, if CsgG directly interacts with CsgA and CsgB. We cannot exclude the possibility that CsgG acts upon the two other putative curli assembly factors encoded within the csgDEFG operon (Hammar et al., 1995) , namely CsgE and CsgF, or hitherto uncharacterized complexes between CsgA, CsgB, CsgE and CsgF. The testing of this hypothesis must wait until the successful production of antisera against CsgE and CsgF. Recently, we have found that a strain deficient in CsgE and CsgF is able to donate assembly competent CsgA to the recipient strain MHR204 (Hammar et al. in preparation) . This means that CsgG is sufficient for functional maturation of CsgA.
The outer membrane location of CsgG requires that a significant amount of CsgA and CsgB molecules can cross the periplasm without proteolysis. The finding that the protein moiety of CsgG faces the periplasmic side of the outer membrane suggests that CsgG would be available for protein-protein interactions at the periplasmic side. However, the elucidation of the details of protein-protein interactions during curli assembly awaits further experiments.
Experimental procedures

Strains
Bacterial strains used in this study are shown in Table 1 . Plasmids pASK75 was purchased from the Institut fü r Bioanalytik (IBA, Göttingen, Germany). pASK-G was constructed by PCR amplification of csgG from the chromosome of MC4100 using primers HLCSGG (5Ј-AAAATCTAGATAACGAGGGCAAA-AAATG CAGCGCTTATTTCTTTTGGT-3Ј) and PRHL-2 (5Ј-AAAGCTCGAGTCATCAG GATTCCGGTGGAACCGA-CAT-3Ј), followed by the cloning of the resulting fragment into pASK75 using XbaI and XhoI restriction sites. pASK-G s was constructed in an identical way, except that primer PR28GSTR (5Ј-GGCGCCTGCAGCGGATTCCGGTGGAA-CCGACATATGGCG-3Ј) replaced PRHL-2. In these constructs, csgG and strep-tagged csgG are preceded by the ompA ribosome-binding site derived from pASK75. The inserts of both plasmids were checked by sequencing. pMHR420 (M. Hammar, unpublished) carries a 1650 bp ScaI fragment containing csgBA, including its upstream regulatory sequences cloned into the HincII site of pUC19. 
Growth conditions
For induction of curli production, cells were routinely grown on YESCA agar or Congo Red Indicator Agar (Hammar et al., 1996) for 48-60 h at 28ЊC, whereas polA derivatives were grown for 72 h at 28ЊC.
Production and purification of anti-peptide antibodies specific for CsgA, CsgB and CsgG Amino acid sequences were investigated for hydrophilicity (Kyte and Doolittle algorithm), surface probability (Emini) and antigenic index (Jameson-Wolf). This resulted in the selection of the following peptides: CsgA-PEP (NH 2 -LDQWNGKNSEM-TVKQFGGGN-COOH), CsgB-PEP1 (NH 2 -TQKTAIVVQRQS QMAIRVTQR-COOH), CsgB-PEP2 (NH 2 -EGSSNRAKIDQT-GDYN-COOH), CsgG-PEP (NH 2 -DGIDRGLWDLQNKAERQ-ND-COOH). Peptide synthesis, coupling to keyhole limpet haemocyanin and immunization of rabbits was performed at TANA Laboratories (Houston, TX, USA). In the case of CsgB, the two conjugated peptides were injected into one rabbit. For affinity purification, peptides were coupled to NHS-HighTrap columns (Pharmacia, Uppsala, Sweden). Immuno affinity chromatography was performed as described previously (Harlow and Lane, 1988) .
Palmitate labelling and globomycin sensitivity assay ; Amersham). After an induction period of 2 h cells were harvested by centrifugation. Subsequent to freezing and thawing, the pellet was dissolved in 1% SDS and lipid that was not covalently linked to protein was removed by repeated extraction with chloroform-methanol (Weinberg et al., 1988; Bligh and Dyer, 1959) .
The final pellet was dissolved in 150 l of SDS-PAGE sample buffer. Aliquots (10 l) were separated on 15% SDS-PAGE, treated with Amplify (Amersham) and exposed to Hyperfilm MP (Amersham) at ¹70ЊC for 10 days.
To test sensitivity of pre-CsgG processing to globomycin, cells were grown as described for palmitate labelling with the exception that globomycin was added to a final concentration of 100 g ml ¹1 20 min before induction with AHT. After 2 h cells were harvested and dissolved in SDS-PAGE sample buffer at 25 mg ml
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. An aliqot (5 l) of each sample was analysed by Western blotting using affinity-purified anti-CsgG peptide antibodies.
Immunoblotting and other antisera
Proteins were transferred to PVDF membranes (Immobilon P, Millipore) using semi-dry electro transfer in 50 mM Tris, 40 mM glycine, 20% methanol and membranes were blocked in blocking buffer [5% fat-free milk powder in TTBS (10 mM Tris-HCl pH8, 150 mM NaCl, 0.05% Tween 20)] for 60 min at room temperature. Incubations were performed in blocking buffer with TTBS washes between antibodies before chemiluminescence detection (Boehringer, Mannheim, Germany) and exposure of Hyperfilm ECL (Amersham). For densitometric analysis (Molecular Dynamics), it was ensured that all signals were in the linear range of film sensitivity. Incubation with primary and secondary antibodies (horseradish peroxidase-linked antirabbit IgG; 1:2000) was for 1 h at room temperature with gentle shaking. Primary antibodies used were affinity-purified anti-peptide antibodies against CsgA (1:1500 dilution), CsgB (1:3000 dilution) and CsgG (1:4000 dilution); polyclonal antiserum against DsbA (1:20000 dilution; a gift from M. Wunderlich and R. Glockshuber); polyclonal antiserum against OmpA (1:90000 dilution; a gift from E. Morfeldt and S. Arvidson) and a polyclonal antiserum against PhoA (1:300 000 dilution; 5Ј-3Ј Prime)
Cell fractionation studies After growth on YESCA agar as described earlier, cells were resuspended in 50 mM Tris-HCl pH 7.5, 100 mM NaCl containing 1 mM Pefabloc (Boehringer, Mannheim, Germany), and 10 g ml ¹1 each of RNase A and DNase I. Subsequently, cells were disrupted in a French pressure cell at 18 000 psi. After removal of unbroken cells, a total membrane fraction was obtained by ultracentrifugation at 100 000 × g in a Beckman SW40Ti rotor. The total membrane preparation was suspended in 3 ml of 50 mM Tris-HCl pH7.5, 100 mM NaCl, 1 mM Pefabloc and inner membrane proteins were solubilized according to Schnaitman (1971 Schnaitman ( , 1981 ) by adding Triton X-100 2% (v/v) final concentration and stirring for 30 min at room temperature. The outer membrane pellet obtained after a second ultracentrifugation was suspended in 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM Pefabloc. As controls for the quality of separation of inner and outer membanes the following markers were used: NADH-oxidase activity as an inner membrane marker was monitored by following the decrease in absorbance at 340 nm. The activity was completely inhibited by addition of KCN. As an outer membrane marker, all fractions were probed with a polyclonal antiserum against OmpA. To separate the culture supernatant from whole cell fractions, cells grown on YESCA agar plates for induction of Csg proteins were submersed in 8 ml of 50 mM Tris-HCl, pH 7.5. After gentle shaking for 60 min at room temperature, the cell suspension was harvested and the cellular and culture supernatant fractions separated by centrifugation. In these experiments the periplasmic protein DsbA was used as a marker for the cellular fraction.
Protease accessibility experiments
To test the surface location of CsgB, intact cells of MHR204 were suspended in 50 mM Tris-HCl pH7.5, 5 mM CaCl 2 40 g ml ¹1 chloramphenicol at a density of 10 mg ml
¹1
. For each experimental sample, 0.27 ml of this cell suspension was used and 30 l of a ten times proteinase K stock (2, 1, 0.5, 0.1, 0.05 mg ml ¹1 water) was added. After incubation for 2 h at 37ЊC, proteolysis was quenched with 2 mM Pefabloc (Boehringer), proteins subsequently precipitated with TCA (10%) and, after washing in 70% ethanol, dissolved in 80 l of SDS-PAGE sample buffer by sonication. Samples were then analysed by immunoblotting.
For testing protease accessibility of CsgG, intact cells were treated as above or in the presence of 0.1% or 0.05% SDS. To gain permission for proteinase K into the periplasm, the outer membrane was permeabilized as follows: cells were suspended at 10 mg ml ¹1 in 50 mM Tris-HCl pH 7.5, 20% sucrose, 10 mM EDTA and incubated for 15 min at room temperature. After centrifugation, cells were resuspended in ice-cold water at 14 mg ml
. Then protease incubation buffer, proteinase K and, if present, SDS were added as 10 times stocks. Urea was added as a solid powder. Incubations and sample processing were performed as indicated above.
In all these experiments, DsbA served as a control for the accessibility of proteinase K to the periplasm.
Construction and analysis of translational fusions of csgA and csgB to ЈphoA To construct csgAЈ-ЈphoA, pMHR420 was digested with Pst I (which is a unique site positioned at the codon for amino acid 125 of 151 of the CsgA sequence) and ligated to the ЈphoA Pst I fragment derived from pCH2 (Hoffman and Wright, 1985) . The resulting plasmid was called pcsgAЈ-phoA1. To construct csgB Ј-ЈphoA, pMHR420 was digested with BbsI (which is a unique site positioned at the codon for amino acid 39 of 151 of the CsgB sequence), the sticky ends filled in with Klenow polymerase and ligated to the blunted ЈphoA PstI fragment derived from pCH2. The resulting plasmid was called pcsgB-phoA1. Both plasmids were co-integrated into the chromosome of MHR386 and HLO2 (these are polA1 and ⌬phoA derivatives of MC4100 and MHR210 respectively). As all the regulatory sequences for the csgBA operon are present in pMHR420, the resulting strains still express full-length CsgA and CsgB (as confirmed by the fact that strains HLO3 and HLO4 showed positive Congo red staining after growth on YESCA plates for 60-72 h at 28ЊC). All fusion sites were confirmed by sequencing. Cells were harvested from YESCA plates after growth at 28ЊC for 72 h. After permeabilization of cells by 0.1% SDS and chloroform, the enzyme reaction was initiated by addition of p-nitrophenylphosphate in 1 M Tris-HCl pH 8.0. After quenching with KH 2 PO 4 , PhoA activities were monitored by recording the absorbance at 420 nm and expressed as A 420 min ¹1 mg ¹1 cells. The results presented are the mean of five samples measured in parallel.
General genetic procedures
For the construction of strain HLO2, the chloramphenicol marker of Tn105 from strain MHR210 was transduced to strain MHR386 using phage P1 according to Miller (1972) .
Expression and purification of strep-tagged CsgG (CsgG s )
MC1061 was transformed with pASK-G s and grown in LB at 28ЊC (500 ml in a 2 l flask). At an OD of 0.7 at 550 nm, AHT was added to 100 ng ml
¹1
. After 3 h of induction, cells were harvested and suspended in 50 mM Tris-HCl pH 7.5, 10 g ml ¹1 each of Dnase I and RNaseA, 1 mM Pefabloc. After passage twice through a French pressure cell at 18 000 psi, a total membrane fraction was prepared by ultracentrifugation. The membrane pellet was suspended in 2 ml of 50 mM Tris-HCl pH 7.5, treated with 1 mg of lysozyme for 1 h at 37ЊC and finally treated with 0.5% final concentration polyoxyethylene (Rosenbusch tensid; Bachem, Switzerland), which removed most of the inner membrane proteins. The resulting pellet was extracted three times in 50 mM Tris-HCl pH 7.5, 20 mM EDTA, 2% Zwittergent 3-14 (Calbiochem). The solubilisate of the second extraction was used for streptavidin affinity chromatography (details to be published elsewhere). Streptavidin-Sepharose was purchased from IBA (Gö ttingen, Germany).
Assay for protease sensitivity of CsgG s
The protein concentration of CsgG s was determined using its extinction coefficient at 280 nm. An aliquot (400 ng, corresponding to 10 pmol) was incubated with increasing amounts of proteinase K (giving molar ratios of proteinase K:CsgG s of 0.053, 0.53, 1 and 5.3) in 50 mM Tris-HCl pH 7.5, 2% Zwittergent 3-14 in the absence or presence of 6 M urea at 37ЊC for 60 min. The reaction was quenched with 5 mM Pefabloc, protein precipitated with TCA and suspended in SDS-PAGE sample buffer. Samples were subsequently tested for CsgG s by immunoblotting and finally by densitometric scanning. Protease-resistant CsgG s in each sample was expressed as a percentage of control (no protease added). are greatful to Mikeal Rhen for providing globomycin. Finally, H. Loferer wishes to thank Simon Loferer for stimulating contributions in the final period of this work. H. Loferer was supported by an EMBO long-term fellowship (ALTF729-1994). This work was supported by grants from Medicinska Forskningsrådet (B96-16X-10843-03 A) and an unrestricted grant for infectious disease research from the Bristol-Myers Squibb Company to S. Normark.
